The ability to isolate prostate stem cells is essential to explore their role in prostate development and disease. In vitro prostate colonyand sphere-forming assays were used to quantitatively measure murine prostate stem/progenitor cell enrichment and self-renewal. Cell surface markers were screened for their ability to positively or negatively enrich for cells with enhanced growth potential in these assays. Immunohistochemical and FACS analyses demonstrate that specific cell surface markers can be used to discriminate prostate stromal (CD34 ؉ ), luminal epithelial (CD24 ؉ CD49f ؊ ), basal epithelial (CD24 ؉ CD49f ؉ ), hematopoietic (CD45 ؉ , Ter119 ؉ ), and endothelial (CD31 ؉ ) lineages. Sorting for cells with a CD45 ؊ CD31 ؊ Ter119 ؊ Sca-1 ؉ CD49f ؉ antigenic profile results in a 60-fold enrichment for colony-and sphere-forming cells. These cells can self-renew and expand to form spheres for many generations and can differentiate to produce prostatic tubule structures containing both basal and luminal cells in vivo. These cells also localize to the basal cell layer within the region of the gland that is proximal to the urethra, which has been identified as the prostate stem cell niche. Prostate stem cells can be isolated to a purity of up to 1 in 35 by using this antigenic profile. The remarkable similarity in cell surface profile between prostate and mammary gland stem cells suggests these markers may be conserved among epithelial stem cell populations.
S
tem cells are of interest clinically because of their potential to repair damaged tissues, treat degenerative diseases, and because of their purported role in tumor initiation. The ability to identify and isolate stem cells is necessary to study their specialized biology. Enrichment for many types of tissue stem cells has been achieved by using cell surface markers. Murine hematopoietic stem cells can be enriched by sorting Lin Ϫ Thy-1 lo Sca-1 ϩ ckit ϩ cells from the bone marrow (1) . Recent studies suggest that even better purity can be achieved by further sorting based on expression of the SLAM family receptors CD150 and CD48 (2) . Bronchioavelolar stem cells can be isolated from their niche at the bronchioalveolar duct junction (BADJ) by sorting cells with a CD45
Ϫ CD31 Ϫ Sca-1 ϩ CD34 ϩ profile (3) . Data from two recent reports show that mouse mammary stem cells possess a Lin Ϫ Sca-1 ϩ CD140a Ϫ CD24 ϩ CD49f ϩ CD29 ϩ cell surface profile and can be isolated to a purity of up to 1 in 20 by using subsets of these markers (4, 5) .
The presence of stem cells in the prostate first was proposed to explain the seemingly inexhaustible capacity of the organ to regenerate during androgen cycling experiments (6) . The identification of side-population cells and replication quiescent BrdU label-retaining cells further suggests that stem cells exist in the gland (7, 8) . Several studies have enriched for primitive prostate cells by using cell surface markers. Richardson et al. (9) demonstrated that the CD44 ϩ /␣ 2 ␤ 1hi /CD133 ϩ human prostate cell subpopulation is 10-fold enriched over CD44 ϩ /␣ 2 ␤ 1hi /CD133
Ϫ cells for colony-forming activity in vitro. Sca-1 also has been used to enrich for murine prostate cells with enhanced prostate tubule forming capacity in vivo (10, 11) . Sca-1 ϩ cells possess several properties of stem cells, including replication quiescence, multilineage differentiation capacity, and localization in the region of prostatic ducts proximal to the urethra that has been identified as the prostate stem cell niche. Sca-1 also is expressed in fetal prostate epithelium, demonstrating it is expressed by prostate stem cells from very early stages of prostate development (12) . Here, we demonstrate that the CD45 Ϫ CD31 Ϫ Ter119 Ϫ Sca-1 ϩ CD49f ϩ prostate cell subpopulation is enriched for cells capable of both colony and sphere formation in vitro. These cells can self-renew to form spheres for multiple generations and can differentiate to produce prostatic tubule structures containing both basal and luminal cells in vivo.
Results

Identification of Prostate Cell Lineage Markers.
Each of the murine prostate basal, luminal, and stromal cell types can be identified definitively in situ by using antibodies against intracellular proteins, but cell surface markers to identify and isolate each cell type by FACS have not been identified. A panel of antibodies against cluster designation (CD) antigens were screened to identify cell surface markers that can discriminate each of the prostate cell lineages. Immunohistochemical analysis for CD24 (heat stable antigen) demonstrates that it colocalizes with both prostate basal [cytokeratin (CK) 5] and luminal (CK8) cell markers and, therefore, can be used as a pan-epithelial cell marker ( Fig. 1 1-6 ). CD24 also is expressed by both basal and luminal epithelial cells of the human prostate and mouse mammary gland (13, 14) . CD49f (integrin ␣6) appears to specifically stain the basal surface of CK5 ϩ basal cells ( Fig. 1 7-9 ). This polarization of CD49f expression has been reported for basal cells in other tissues and is elucidated further here by its colocalization with its extracellular matrix ligand, laminin ( Fig.  1 13-15) (13, 15, 16) . CD49f does not costain with the luminal cell marker CK8 ( Fig. 1 10-12 ) and therefore can be used as a marker for basal epithelial cells. Lastly, colocalization of CD34 with the prostate stromal cell marker smooth muscle actin (SMA) (Fig. 1 16-18 ) demonstrates it can be used to identify stromal cells.
FACS analysis for each marker was performed to quantify the percentage of each population in the prostate and investigate whether there is any overlap in expression between each marker. Supporting information (SI) Fig. 6A demonstrates that CD24, CD49f, and CD34 are expressed by 59.0 Ϯ 4.5%, 2.6 Ϯ 0.7%, and 8.0 Ϯ 2.2% of prostate cells, respectively. Nonprostate cell lineages within the prostate also can be identified by FACS with antibodies against CD45 (hematopoietic), Ter119 (red blood cell), and CD31 (endothelial). Pairwise analysis for all markers shows that the stromal cell marker CD34 does not significantly overlap with either epithelial marker CD24 or CD49f. Nearly all CD49f ϩ cells express CD24 as predicted based on in situ analysis. Small populations of CD24 ϩ and CD49f ϩ cells also express the nonprostate cell lineage markers (CD45, Ter119, and CD31, collectively called ''Lin''), which is consistent with studies showing hematopoietic and endothelial cells express CD24 and CD49f (17, 18) . These data suggest that it should be possible to isolate basal and luminal cells by sorting the CD24 ϩ CD49f ϩ and CD24 ϩ CD49f Ϫ fractions of the prostate, respectively. CK5 and CK8 staining of cytospins prepared from each fraction demonstrates that Ͼ70% of CD24 ϩ CD49f ϩ cells express CK5 (SI Fig.  6B Left) . Conversely, the majority of CD24 ϩ CD49f Ϫ cells are CK8 ϩ (SI Fig. 6B Right) , and Ͻ4% of these cells express CK5 (data not shown). Human prostate epithelial cells can be grown as clonal colonies in vitro most effectively when cocultured with irradiated fibroblast feeder layers in serum-free medium (19, 20) . These growth conditions therefore were used to quantitatively screen a series of cell surface markers for their ability to positively or negatively enrich for colony-forming cells. When dissociated prostate cells were plated on top of irradiated 3T3 feeder cells, colonies containing cells with tight epithelium-like borders that express epithelial-specific cytokeratins were observed ( Fig. 2A and  SI Fig. 7A ). To determine whether prostate epithelial colonies are of clonal origin, mixtures of prostate cells from transgenic animals expressing GFP or dsRED under regulation of the ␤-actin promoter were cocultured in several wells of a six-well plate in two separate experiments. Only 8 of the 188 (4%) colonies observed 10 days later contained both GFP ϩ and dsRED ϩ cells, indicating colonies are predominantly of clonal origin in this assay (Fig. 2B) . When serial dilutions of wild-type prostate cells from C57BL/6 animals were plated, the number of colonies grown at each dilution was proportional to the number of input cells (Fig. 2C ). This linear distribution is further indicative of a clonal outgrowth model and suggests that this assay can be used quantitatively. The number of prostate cells within a population capable of colony outgrowth, which we define here as the colony-forming unit (cfu), can be calculated by taking the inverse of the slope (k) of the best-fit line (cfu ϭ 1/k).
Castration has been shown to induce apoptosis in mature, androgen-dependent prostate cells and concomitantly enrich for stem and progenitor cells (21) . To determine whether such enrichment can be measured using this assay, serial dilutions of cells from intact or castrated animals were compared for colonyforming activity in vitro. Pooled data from two independent experiments demonstrates that cells from castrated animals are Ͼ5-fold enriched for colony-forming activity when compared with cells from intact animals (Fig. 2D ). This suggests that this assay is sensitive to measuring differences in the number of input stem/progenitor cells.
We and others have reported that Sca-1 can be used to enrich for prostate cells with enhanced growth activity in an in vivo prostate regeneration assay (10, 11) . Pooled data from two experiments shows that sorting for Sca-1 ϩ cells yields a cfu of 1:1,000, which represents a 2-fold enrichment over unfractionated prostate cells that were subjected to similar sorting conditions (cfu unfractionated ϭ 1:2,200, SI 7E ). Because nonprostate cell lineages within the prostate also express CD49f and Sca-1 (SI Fig. 6A ), we projected that removal of these cells from the Sca-1 ϩ CD49f ϩ fraction would result in further enrichment for primitive prostate cells. Prostate cells therefore were sorted into LSC, Lin Ϫ Sca-1 ϩ CD49f Ϫ , and Lin Ϫ Sca-1 Ϫ CD49f ϩ populations ( Fig. 2E ) and plated in several replicates at a single density of 5,000 cells per well because only small cell numbers were recovered in these experiments. Fig. 2F shows that nearly all of the colony-forming cells of the prostate are contained within the LSC population, which represents only 0.5% of total prostate cells. The LSC population yielded an enrichment of Ͼ60-fold for colony-forming cells, where an average of 1 in 35 cells were capable of colony formation in three independent experiments. Prostate colony-forming cells therefore can be highly enriched by sorting cells with a LSC profile (summarized in SI Fig. 7F ).
LSC Cells Localize to the Basal Cell Layer Within the Proximal Region
of the Murine Prostate. The preferential survival of basal cells after androgen depletion and prostate involution has led to the hypothesis that prostate stem cells reside in the basal cell layer (21) . BrdU pulse-chase experiments showing that the ductal regions of the prostate proximal to the urethra are enriched for slow-cycling label-retaining cells suggest an alternative model where prostate stem cells may exhibit a regional rather than basal-specific localization (8) .
Immunohistochemical and FACS analyses were performed to determine the localization of LSC cells in the prostate. Fig. 3B shows that the percentage of Sca-1 ϩ and CD49f ϩ populations are both higher in the proximal than distal region as reported (2-fold and 4-fold higher, respectively) in refs. 10, 11, and 22. The LSC population demonstrates an even more dramatic enrichment. The percentage of LSC cells is Ͼ20-fold higher in the proximal than distal region (Fig. 3B) . Immunohistochemical staining to determine the lineage status of this population demonstrates that CD49f
ϩ Sca-1 ϩ cells in the proximal region express the basal cell marker CK5 (Fig. 3C Lower) . Distal CD49f ϩ cells express CK5 but not Sca-1. Sca-1 is expressed only by stromal cells in this region (Fig. 3C Upper) . This corresponds with FACS data showing there are small populations of cells positive for CD49f (0.4%) or Sca-1 (4.1%), but negligible if any double-positive cells in the distal region (Fig. 3B) . These data suggest that LSC cells must localize to the basal cell layer specifically within the proximal region of the prostate, integrating both prevailing hypotheses for the localization of prostate stem cells. Furthermore, because the CD49f ϩ Sca-1 Ϫ basal cells in the distal regions of the gland do not appear to have significant colony-forming activity in vitro (Fig. 2F) , these data also suggest that the basal cell layer contains functionally distinct subpopulations of cells and that these functional differences may be dictated by regional localization.
The LSC Subpopulation Is Enriched for Sphere-Forming Cells with
Extensive Self-Renewal Capacity in Vitro. Assays developed to measure neural and mammary stem cell self-renewal in vitro propagate these cells as spheres in an attempt to preserve their specialized biology (23, 24) . Several studies have shown that human prostate cells can form epithelial spheroids when cocultured with stromal cells and suspended in Matrigel in vitro (25) (26) (27) . This strategy was adapted to develop a method for measuring murine prostate stem cell self-renewal.
When dissociated murine prostate cells were mixed with fetal stromal cells (urogenital sinus mesenchyme, UGSM) and suspended in Matrigel and PrEGM as described in Materials and Methods, sphere-like structures as shown in Fig. 4A Left were generated. Detailed characterization of this assay will be published separately (unpublished data). To determine whether prostate spheres are of clonal origin, GFP ϩ and dsRED ϩ prostate cells were cocultured as in the colony assay. Of 469 spheres counted, no spheres containing both dsRED ϩ and GFP ϩ cells were observed (Fig. 4A) . Serial dilution experiments further illustrate sphere clonality because there is a linear distribution between the number of input cells and the number of spheres observed (Fig. 4B) . Matrigel culture may favor clonal outgrowth because spheres are immobilized and cannot merge together as was recently reported in the neurosphere assay (28) . The sphere-forming capacity of cells from castrated and intact animals also was compared to determine whether enrichment for primitive cells results in an enrichment for sphere-forming activity. Fig. 4C shows that castration results in a 4-fold enrichment for sphere-forming cells, suggesting that this assay is also useful for measuring primitive cell enrichment.
To determine the sphere-forming potential of the LSC prostate cell subpopulation, these cells were sorted and suspended in Matrigel with UGSM. An average sphere-forming units (sfu) of 1 in 44 was observed in two independent experiments, which represents a 55-fold enrichment over unfractionated prostate cells subjected to similar sorting conditions (sfu unfractionated ϭ 1:2,200; Fig. 4D) . Only rare spheres were observed when the fraction depleted of LSC cells were plated in this assay. These data are highly consistent with results attained by using the in vitro colony assay. To assess the self-renewal potential of LSC cells, cells were dissociated from spheres and replated in Matrigel. Fig. 4D shows that these cells were capable of forming spheres for at least six generations in this experiment, where the sphere-forming efficiency ranged from 7-20%. Independent experiments have shown that spheres can be passaged for Ͼ10 generations. This demonstrates that the LSC cell subpopulation possesses extensive capacity for self-renewal and expansion in this assay.
LSC Cells Can Differentiate to Produce Prostatic Tubule Structures
Containing Both Basal and Luminal Cells in Vivo. Using a tissue recombination procedure, Cunha and Lung (29) first demon- strated that prostate tissue can be grown de novo when fragments of adult rodent prostate tissue are combined with fragments of UGSM and implanted under the kidney capsule of immunodeficient mice. We have since modified this system to use dissociated cells rather than tissue fragments (30) , and others have shown that prostate ducts will regenerate when using a shorter incubation period and a simpler method of injecting cells s.c. in Matrigel (31, 32) .
Primary and cultured LSC cells were evaluated for their capacity to form prostate ductal structures by using this in vivo prostate regeneration method. LSC cells and the fraction depleted of these cells were sorted from ␤-actin dsRED and ␤-actin GFP animals as in the colony and sphere assays. Three thousand dsRED ϩ LSC cells were mixed with 3,000 GFP ϩ LSC cells, and 3,000 dsRED ϩ LSC-depleted cells were mixed with 3,000 GFP This suggests that all of the in vivo regenerative activity of the prostate is contained within the LSC subpopulation and that this population can be expanded in vitro without loss of regenerative activity.
Experiments in which mixtures of differentially marked cells were implanted in the in vivo prostate regeneration system have demonstrated that regenerated tubules are of clonal origin because chimeric tubules are observed rarely (11, 12, 32) . Likewise, no chimeric tubules containing both dsRED ϩ and GFP ϩ cells were observed in these experiments (SI Fig. 8 ). Fig.  5B shows that tubules regenerated from both primary and cultured LSC cells possess normal lineage marker expression patterns. Regenerated tubules contain populations of basal cells that express CK5 (Fig. 5B1), CD49f (Fig. 5B2) and p63 (Fig.  5B3) . Each tubule also contains CK8 ϩ luminal cells (Fig. 5B4) as well as cells that express low levels of the androgen receptor (Fig.  5B5) . A layer of SMA ϩ stromal cells also surrounds each ductal structure (Fig. 5B6) . Because regenerated tubules are clonal, the presence of both basal and luminal cells in each tubule indicates that LSC cells are capable of multilineage differentiation, which is a defining property of stem cells.
Discussion
Stem cells are defined by their unique capacity for self-renewal and multilineage differentiation. We find that CD45 Ϫ CD31 Ϫ Ter119 Ϫ Sca-1 ϩ CD49f ϩ prostate cells can self-renew to form spheres for many generations and can differentiate to produce prostatic tubule structures containing both basal and luminal cells in vivo. These cells also localize to the putative prostate stem cell niche in the proximal region of the gland. We therefore conclude that prostate stem cells can be highly purified by using this antigenic profile.
An interesting implication of this study is the remarkable conservation of antigenic profile between prostate stem cells and other types of tissue stem cells. Sca-1 is present on hematopoietic, lung, and mammary stem cells (1, 3, 33) . CD49f/integrin ␣6 shows an even wider distribution amongst stem cell populations. Enrichment for skin stem cells can be achieved by sorting cells that express high levels of CD49f or its subunit pair CD29/integrin ␤1 (34, 35) . A recent study by Stingl et al. (4) showed that mammary stem cells express a CD45
Sca-1 lo CD49f hi cell surface phenotype, which is very similar to the
ϩ profile identified here for the prostate stem cell, because CD34 is the stromal marker counterpart for CD140a in the prostate. Microarray experiments performed by several independent groups also have shown CD49f is overexpressed consistently in hematopoietic, neural, and embryonic stem cells (36) .
The conservation of these markers on stem cells suggests they also may function in maintaining the stem cell phenotype. Integrin ␣6 pairs with either ␤1 or ␤4 to form an integrin receptor that recognizes the basement membrane and extracel- lular matrix (ECM) protein laminin as its ligand (37) . This may explain why epidermal, mammary, and prostate stem cells localize to the basal cell layer of their resident tissue, which directly contacts the basement membrane. The basement membrane and ECM can modulate and sequester the concentration of secreted factors within the stem cell niche and can act as scaffolds that effect signal transduction events (38) . Proximity to such factors may be important in stem cell maintenance, because stem cell differentiation often occurs after departure from the basement membrane (39) . Integrins also may play a more direct role in stem cell homeostasis, because they themselves are involved in signal transduction. Integrin binding with ligand leads to activation of signaling components including focal adhesive kinase and MAPK (38) . Integrin ligation also has been reported to influence the synthesis of cytokines such as TGF-␤, which is involved in regulating stem cell quiescence (40) . Several studies have shown that the proximal region of the prostate exhibits a specialized architecture with a thick band of smooth muscle cells that produce high levels of TGF-␤ (41) (42) (43) . CD49f therefore may not only mark prostate stem cells but also serve to anchor them within the niche and mediate contact with niche signals from the basement membrane and ECM.
Materials and Methods
Animals and Tissue Collection. The ␤-actin GFP [C57BL/6-TgN(ACTbEGFP)1Osb], ␤-actin dsR ED [Tg(ACTBDsRed.MST)1Nagy/J], and SCID mouse strains were purchased from The Jackson Laboratory (Bar Harbor, ME). Eight-to 16-week-old C57BL/6 inbred mice originally purchased from The Jackson Laboratory were used for all experiments. Prostate cells were dissociated by mincing and collagenase digestion, and UGSM was harvested from embryonic day 16 fetuses as described in ref. 30 .
Immunofluorescent and Histological Analysis. Frozen prostate tissue sections and cytospins were prepared by air drying and fixation for 2 min in cold acetone as described in ref. 11 . Tissue sections were incubated with primary antibodies diluted in 1ϫ PBS at 4°C overnight. Sections subsequently were washed and incubated with secondary antibodies for 1 h at 25°C. Antibody sources and dilutions are listed in SI Materials. Sections were counterstained with DAPI (Vector Laboratories, Burlingame, CA) and analyzed by fluorescent microscopy. Fluorescence-Activated Cell Sorting and Analysis. Prostate cells were suspended in DMEM/10% FBS and stained with antibody for 20 min at 4°C. Antibody sources and dilutions are listed in SI Materials. FACS analysis was performed by using the BD FACS Canto and CellQuest software. Cell sorting was done by using the BD FACS Vantage (BD Biosciences).
In Vitro Prostate Colony-and Sphere-Forming Assays. Colony assays were based on protocols in ref. 19 . 3T3 cells (5 ϫ 10 4 ) were plated in DMEM/10%FBS in each well of a six-well plate and irradiated with 500 rad the next morning. Prostate cell samples were counted by hemocytometer and plated in PrEGM (Cambrex, Walkersville, MD) on top of irradiated 3T3 cells. Colonies were counted on days 8-10. In some experiments, plates were fixed with acetone for 2 min, washed with 1ϫ PBS, and stained with trypan blue for 1 h.
Prostate sphere growth and passaging conditions were based on protocols in refs. 23, 24, and 27) . Each sample of prostate cells was counted by hemocytometer, mixed with 1 ϫ 10 4 UGSM cells, and suspended in 1:1 Matrigel/PrEGM (BD Biosciences, Bedford, MA) in a total volume of 80 l. Each sample was plated around the rim of a well of a 12-well plate and allowed to solidify for 15 min before 2 ml of PrEGM was added. Spheres were counted 7-10 days after plating. For passaging of spheres, media was aspirated and Matrigel was digested by incubation in 500 l of dispase (Becton Dickinson, San Diego, CA) for 30 min at 37°C. Digested cultures were pelleted and incubated in 1 ml of PrEGM containing 10% collagenase for 30 min at 37°C. Samples again were pelleted and incubated in 0.05% Trypsin/EDTA for 10 min at room temperature, passed several times through a 27-gauge syringe, and passed over a 40-m filter. Cells were counted by hemocytometer and replated at a density of 10,000 cells per well after each passage.
In Vivo Prostate Regeneration. Prostate cells were counted by hemocytometer and mixed with 2 ϫ 10 5 UGSM cells. Mixtures were pelleted and resuspended in 40 l of Matrigel and kept on ice. Samples were injected s.c. on the backs of 8-to 16-week-old SCID mice by using an insulin syringe. Grafts were harvested five to eight weeks later. Serial tissue sections were stained with H&E to identify and count tubule structures.
